This study describes the effects of the electrolyte pH on phosphorus content, microstructures, and internal stress of Ni-P deposits prepared from a sulfamate bath containing phosphorous acid. Decreasing the pH increases the concentration of nondissociated phosphorous acid in the electrolyte, which results in a monotonic increase of the phosphorus content in the deposits. The increase in phosphorus content decreases the grain size but increases the strength of the ͑111͒ texture. Decreasing the pH to about 1.5 can decrease the internal stress dramatically to values close to that of the pure Ni deposited at the same pH. A consistent mechanism of the internal stress evolution in both pure Ni and Ni-P deposits associated with varying the pH is proposed. © 2007 The Electrochemical Society. ͓DOI: 10.1149/1.2803516͔ All rights reserved. High hardness and high wear resistance at ambient-to-moderate temperatures make the electrodeposited Ni-P alloys a good candidate for replacing pure nickel as a protective coating on copper molds for continuous casting of steel and as a material of mold insert for the microinjection molding process. The electrodeposition process of Ni-P alloys has been extensively studied, especially for deposits having high phosphorus contents ͓͑P͔ Ͼ 10 wt %͒ and having an amorphous structure.
High hardness and high wear resistance at ambient-to-moderate temperatures make the electrodeposited Ni-P alloys a good candidate for replacing pure nickel as a protective coating on copper molds for continuous casting of steel and as a material of mold insert for the microinjection molding process. The electrodeposition process of Ni-P alloys has been extensively studied, especially for deposits having high phosphorus contents ͓͑P͔ Ͼ 10 wt %͒ and having an amorphous structure. 1 The extreme brittleness and high sensitivity to notch in the high phosphorus alloys, though, shadow their advantages. 2, 3 Low phosphorus alloys ͓͑P͔ Ͻ ϳ 10 wt %͒ having nanocrystalline grains may be a good alternative and have attracted research recently. [4] [5] [6] [7] [8] [9] These alloys have high hardness values of 500-700 Hv and are relatively ductile. They also possess an attractive character of "strengthening on annealing." [4] [5] [6] However, a recent study on Ni-P electrodeposition from nickel sulfamate electrolytes showed that the internal stress increased dramatically with phosphorus content to a peak value of about 540 MPa at ͓P͔ = 2 wt %, and then dropped gradually on further increasing phosphorus content. 7 This can be a major drawback for the successful application of low-P alloys. The high internal stress in a tensile state can be reduced by adding saccharin in the electrolyte, 10, 11 but the brittleness problem may appear again due to the segregation of sulfur to the grain boundaries when the material is served at moderate temperatures. 12 Alternatively, low-P alloys deposited at a low pH reported by Soe et al. 5 seemed to possess a lower value of internal stress than that reported previously, 7 though we should be cautious about the slight differences in electrolyte composition and operation parameters existing in these experiments.
The pH of the plating solution has been studied previously. [13] [14] [15] [16] [17] It was found that increasing pH resulted in a decrease of phosphorus content in the deposits. [13] [14] [15] [16] Morikawa et al. 17 reported that the current efficiency decreased rapidly to less than 5% with decreasing pH to 1.5 for a Ni-citrate bath. A similar but less severe phenomenon was also observed by Harris and Dang 13 and Park et al. 16 Recently, Park et al. 16 reported that the internal stress of the Ni-P alloy, deposited from a Watts bath containing 20 g/L H 3 PO 3 , decreased dramatically with decreasing pH from 2 to 1. The effect of the electrolyte pH on the microstructural characteristics of the Ni-P deposits has, however, not been established. This study thus aims at clarifying the effect of bath pH on the phosphorus content, internal stress, and microstructure of Ni deposits with low phosphorus content prepared from a sulfamate bath. Results indicate that the internal stress of the deposits is affected significantly by the pH via changing the microstructures.
Experimental
Thin brass plates of 30 mm ͑w͒ ϫ 150 mm ͑l͒ ϫ 0.1 mm ͑t͒ were used as substrates for electrodeposition. Ni-P samples were deposited from sulfamate electrolytes consisting of nickel sulfamate ͑with nickel ions of 96 g/L͒, boric acid ͑32 g/L͒, nickel chloride ͑4 g/L͒, wetting agent ͑0.3 mL/L͒, and phosphorous acid ͑0-4 g/L͒ as a phosphorus source. The pH of the electrolyte was about 4 without the addition of phosphorous acid and was decreased with adding phosphorous acid. Therefore, the pH of the electrolyte, varying from 1.5 to 3.5, was adjusted using sulfamate acid or nickel carbonate. The electrodeposition was performed galvanostatically at 2 A/dm 2 . The bath temperature was 318 K and air bubbling was used for stirring.
No cracks were observed in either Ni or Ni-P deposits; therefore, the internal stress of the deposited Ni-P alloys was estimated from the radius of curvature of the sample and the thickness of the deposit according to a bimetal model proposed by Atkinson. 18, 19 The elastic modulus of brass employed in the calculation is of 110 GPa. An electron microprobe ͑JXA 8900R͒ operating at 15 kV was employed to determine the phosphorus content in the deposits. The analytical results were quantified using the standard ZAF technique ͑z: atomic number, A: absorption, and F: fluorescence͒. The grain size of the deposits was characterized by X-ray diffraction ͑XRD͒. XRD was carried out on a Siemens D5000 diffractometer using Cu K␣ radiation operating at 40 kV and 30 mA. The peak profile was analyzed based on the Stokes-Wilson equation using TOPAS software. Figure 1 shows the cathode current efficiency ͑c.c.e.͒ as a function of bath pH. The c.c.e. values were corrected by counting the weight and valence differences of phosphorus and nickel according to film composition. For Ni electrodeposition, the c.c.e. decreased with decreasing pH, especially at low pH values. Upon adding H 3 PO 3 from 0.5 to 4 g/L, no significant difference in the c.c.e. between Ni and Ni-P deposition was observed at the same pH. The c.c.e. was, nevertheless, reported to decrease with increasing H 3 PO 3 concentration as Ni-P alloys were deposited from both sulfamate and sulfate baths. 7, [20] [21] [22] [23] However, no adjustment of the pH was carried out on preparing the electrolytes prior to electrodepositon in the previous studies, and the decrease of c.c.e. might represent a result of decreasing pH. Results reported by Seo et al. 5 showed that the c.c.e. in sulfamate baths at pH 1 was almost constant regardless of the content of H 3 PO 3 , coinciding with our results.
Results
The phosphorus content was also affected by the pH, and the results are shown in Fig. 2 . The phosphorus content in the deposits increases with reducing the pH at high H 3 PO 3 additions ͑2 and 4 g/L͒, whereas that is relatively unchanged with varying pH for baths having a 0.5 g/L H 3 PO 3 addition. The increasing phosphorus content with decreasing pH was also reported by Harris and Dang, 13 and by Park et al., 16 both in a sulfate bath containing 40 and 20 g/L phosphorous acid, respectively. At pH 3, increasing H 3 PO 3 in the bath has little effect ͑ϳ0.11 wt %/g/L͒ on increasing the phosphorus content in the deposits, whereas at a low pH value of about 1.5, the phosphorus content increases sharply with H 3 PO 3 ͑ϳ0.85 wt %/g/L͒. Again, though it is previously shown that the phosphorus content increases with increasing H 3 PO 3 in the bath, the increasing rates ranging from 0.4 7, 20, 22 to 0.6 21 wt % per g/L H 3 PO 3 may reflect a mixing effect of the phosphorous acid content and the pH.
XRD line-profile analysis indicated that the grain size for the Ni-P deposits decreased with decreasing pH, whereas that for pure Ni showed an opposite trend, as shown in Fig. 3 . The only exception is the grain size of the deposits obtained from the bath containing 0.5 g/L H 3 PO 3 , which is relatively invariant with respect to pH. Further analysis shows that the phosphorus content may be the main factor affecting the grain size. Figure 4 shows the grain size as a function of phosphorus content in the deposits. Data from the literature is also collected and presented for reference. 4, 8, [24] [25] [26] It is obvious that all the data follow a general trend according to which the grain size is inversely proportional to the phosphorus content. However, the grain size for the deposits we measured is smaller than those in the literature, having the same phosphorus content, probably due to the lower bath temperature employed in this study. 27, 28 Figure 5 shows that the texture of the deposits is also affected by the pH. For pure Ni, the deposits have a strong ͑100͒ fiber texture which is weakened slightly with decreasing pH. On adding phosphorous acid into the electrolyte, the major texture component in the Ni-P deposits changes from ͑100͒ to ͑111͒ gradually, and the intensities of the ͑111͒ texture at higher H 3 PO 3 contents ͑2 and 4 g/L͒ increase slightly with decreasing pH.
Finally, the effect of pH on the internal stress was examined by carefully controlling the pH, and the results are shown in Fig. 6 . For pure Ni deposits, the internal stress increases gradually with decreasing pH, coinciding well with the previous report. 29 On adding 0.5 g/L H 3 PO 3 in the bath, the internal stress is raised to 136 MPa at pH 3.5. Reducing the pH to 1.5 results in a slight reduction of the internal stress of about 30 MPa. On further addition of H 3 PO 3 to 1 and 4 g/L, the internal stress increases markedly to 268 and 347 MPa, respectively, at about pH 3. However, the internal stress can be reduced significantly with decreasing the pH to a value of 1.6. Consequently, all the deposits have a similar and relatively low value of internal stress of about 100-160 MPa at about pH 1.5. The results shown above reveal that reducing the pH can be beneficial to reducing internal stress for the Ni-P deposits. 
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Discussion
It has been previously reported that the partial hydrogen current in electrodeposition of Ni increases with decreasing pH in a Watts electrolyte. 30 This is also true for Ni deposition in a sulfamate bath due to the increase of H + activity. According to our result shown in Fig. 1, proton activity, or the pH, is still the main factor determining the c.c.e. for Ni-P deposition in sulfamate baths. The previous reports 7, [20] [21] [22] [23] on the reduction of c.c.e. with adding H 3 PO 3 mainly resulted from the decrease of pH in the electrolyte.
The increase of phosphorus content in the deposits with decreasing pH has been reported previously. [13] [14] [15] [16] Yamashita and Komiyama 15 demonstrated that both increasing phosphorous acid concentration and decreasing pH in the bath rapidly reduced the charge-transfer adsorption resistance. Reducing the pH increases the concentration of nondissociated H 3 PO 3 and hence increases the phosphorus content in the deposits. The adsorption of nondissociated H 3 PO 3 on the cathode plays an important role on phosphorus reduction. Figure 7 verifies that the phosphorous content in the deposits increases monotonically with increasing nondissociated H 3 PO 3 in the electrolyte. This can also explain why a higher increment of phosphorus content ͑0.85 wt %/g/L H 3 PO 3 ͒ was observed in baths having a low pH of about 1.5. However, the pH effect on the phosphorus content is weakened on decreasing the phosphorous acid concentration to 0.5 g/L. One possibility is that the concentration of H 3 PO 3 in the bath is so low that diffusion becomes the rate-controlling process. In addition, the low c.c.e. at low bath pH leads to a higher localized pH near the cathode surface, which further decreases the concentration of nondissociated H 3 PO 3 . The phosphorus content thus decreases slightly with decreasing pH in the bath with a 0.5 g/L H 3 PO 3 addition. The adsorption of nondissociated H 3 PO 3 on the cathode not only enhances phosphorus reduction but may also prohibit the growth of the nucleated crystallites. According to Fig. 4 and 6 , both the nondissociated H 3 PO 3 in the electrolyte and the inverse of grain size in the deposits are proportional to the phosphorus content. In other words, it is possible that the adsorbed H 3 PO 3 frequently blocks the active sites for step growth, and the adatoms are forced to form new nuclei. The more the H 3 PO 3 is adsorbed, the lower the growth rate.
It is realized that the Ni-P alloys deposited from sulfamate baths have lower internal stresses than that from sulfate baths. 5 However, the increment of internal stress on the addition of H 3 PO 3 varied markedly for data shown in literature. Seo et al. 5 reported an increment of about 30 MPa per g/L H 3 PO 3 , whereas there is about 100 MPa per g/L H 3 PO 3 reported by Lin et al. 7 for the first 1 g/L H 3 PO 3 addition in the bath. This discrimination can be rationalized by the pH effect. That is, the latter result started from a high pH bath, but the former employed a bath with a low and constant pH value. The increase of internal stress in Ni deposits with decreasing pH is mainly a result of the increase of hydrogen reduction, and thus the occlusion of hydrogen in lattice is also increased. [31] [32] [33] [34] The origins of the internal stress in Ni-P are more complicated. First of all, the occlusion and desorption of hydrogen still play a major role. Ni-P alloys have shown a high catalytic activity for the hydrogenevolution reaction, indicating an extraordinary amount of hydrogen could be absorbed on the surface of the deposits and later be occluded upon deposition. [35] [36] [37] Both the catalytic activity and the internal stress of Ni-P deposits were reported to possess a volcanoshaped curve as plotted against the phosphorus content in the deposits. 7, 38 However, the corresponding peak content of phosphorus for the internal stress ͑ϳ2 wt %͒ is far less than that for the catalytic activity ͑ϳ10 wt %͒, and thus the attempt to determine the relationship between these two phenomena quantitatively is still impossible. 32 Lin et al. 7 actually noticed that the evolution of the grain structure affected the internal stress of the deposits. A crystallite joining theory proposed by Wei 39 was employed to explain the phenomenon. Here we propose another possibility that both the grain size and the texture may actually play important roles on the internal stress. As shown in Fig. 3 and 6 , the internal stress decreases with decreasing the grain size for both Ni and Ni-P deposits, no matter the phosphorus content and the pH. This is because grain boundaries supply accommodation for hydrogen atoms with a smaller distortion 
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of the crystal lattice. The smaller the grain size, the more hydrogen atoms can be accommodated at the grain boundaries and the lower the internal stress as a result. However, this still cannot explain why Ni-P deposits possess a higher internal stress at high pH. The intrinsically high absorption of hydrogen for Ni-P deposits may correspond to the high internal stress. However, the evolution of the texture of the deposits can affect the internal stress. Young's modulus is not isotropic in the cubic system. Figure 8 shows the distribution of Young's modulus on the ͑100͒ and ͑111͒ plane for singlecrystal Ni using the compliances given in Ref. 40 . It is obvious that the deposits having a ͑111͒ fiber texture possess a higher in-plane Young's modulus in average. The resultant internal stress is thus higher after desorption of hydrogen atoms for the same amount. The internal stress in both Ni and Ni-P can originate in a major portion from hydrogen occlusion and desorption. Figure 9 shows that the internal stress increases monotonically with an increase of a structural factor S S = ͩ1 − where d is the grain size in nanometers and I hkl is the integrated intensity of the ͑hkl͒ diffraction peak. The first term in the right side of the equation represents the volume fraction of the grain interiors. 41 A cubic grain shape is assumed with the grain-boundary thickness of 1 nm. The larger the grain size, the more the hydrogen is occluded in the grain interiors and the higher the expected internal stress. The second term in the equation is the intensity fraction of the ͑111͒ texture, 42 and the exponent of the texture part gives a better fitting. A stronger ͑111͒ texture gives a higher in-plane Young's modulus and, therefore, a higher internal stress. The internal stress correlates relatively well to the structural factor, indicating that the grain size and texture play important roles on the internal stress, as proposed above. The still-scattered data indicate that other mechanisms, such as crystallite joining, cannot be excluded. The result shown in Fig. 9 does not represent an attempt to establish a rigid quantitative relation between the microstructural parameters and the internal stress. It instead implies a progress to which the effect of microstructural characteristics on the internal stress of the deposits can be displayed, at least in a semiquantitative sense.
Conclusion
The effect of the pH of sulfamate electrolytes on phosphorus content, residual stress, and microstructures in Ni-P deposits was studied.
1. Decreasing the bath pH results in a decrease of the c.c.e. regardless of whether phosphorous acid is added in the electrolyte.
2. Decreasing the pH increases the concentration of nondissociated phosphorous acid in the electrolyte, which results in a monotonic increase of the phosphorus content in the deposits.
3. The grain size is inversely proportional to the phosphorus content, while the intensity of the ͑111͒ texture increases with increasing phosphorus content.
4. The internal stress increases with increasing grain size and intensity of the ͑111͒ texture.
5. The internal stress of both Ni and Ni-P deposits is, in a major portion, contributed from hydrogen occlusion and desorption. 
D60
Journal of The Electrochemical Society, 155 ͑1͒ D57-D61 ͑2008͒ D60
